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While peripheral insulin sensitivity is elevated in lean individuals, an increase in body weight impairs insulininduced glucose uptake into peripheral tissues in obese individuals, and there is a strong correlation between insulin sensitivity and ageing in various animal models and humans. It should be noted that this correlation is largely dependent on an increase in body weight and alterations in body composition rather than age [2] . Therefore, although insulin sensitivity in peripheral tissues certainly decreases in ageing individuals, it is highly likely that age is not a strong independent predictor of peripheral insulin sensitivity.
Based on these data, the aim of the present study was to investigate whether the effects of insulin on distinct brain activation patterns are associated with age, independent of obesity and body fat mass, by using magnetoencephalography (MEG) measurements [3] to detect insulin-dependent alterations in cerebrocortical activity in humans. Cerebrocortical beta and theta activity was measured by MEG in 50 participants (26 men, 24 women; age 34±2 [20-61] years; BMI 27±1 [17-36] kg/m 2 ; mean±SE [range]) during a two-step euglycaemic-hyperinsulinaemic clamp [3] . All individuals took part in a saline experiment, and MEG data from the saline experiment were subtracted from the insulin experiment to eliminate non-insulin-derived variations. The study protocol was approved by the Ethics Committee of the University of Tübingen and all participants gave written informed consent prior to the study. To control for covariates, we used a multiple regression model with age, sex and BMI as independent variables.
As expected, the multiple regression analysis revealed a significant negative correlation between peripheral insulin sensitivity and BMI (r=−0.64, p<0.001, Fig. 1b ), but displayed no independent correlation with age (p=0.15, Fig. 1a) . In parallel, the insulin effect on theta activity was negatively correlated with BMI (r = −0.33, p = 0.022, Fig. 1d ) but not with age (p=0.22, Fig. 1c ). By contrast, the effect of insulin on cerebrocortical beta activity was negatively correlated with age (r=−0.41, p=0.004, Fig. 1e ), while BMI had no effect (p=0.26, Fig. 1f ). These findings clearly implicate a specific age-related decline in beta activity measured by MEG, while peripheral insulin sensitivity and theta activity mainly depend on alterations that are associated with obesity in ageing individuals.
Mechanistically, obesity leads to alterations in adipokine, NEFA and cytokine levels to cause peripheral insulin resistance. However, it is unknown whether such mechanisms are relevant to impaired insulin action in the brain or whether insulin resistance in the brain per se leads to obesity, which is followed by metabolic disturbances [4] . To verify that the measures of cerebral insulin sensitivity are not a direct function of peripheral insulin sensitivity, we also performed correlation and multiple regression analyses using the data on peripheral insulin sensitivity. Beta and theta activity were correlated with peripheral insulin sensitivity, but the multiple regression analyses revealed that these correlations were no longer statistically significant after adjusting for BMI and age (theta activity p=0.16, beta activity p=0.23). Therefore, the nature of cerebral and peripheral insulin resistance seems to be diverse. Further support for the hypothesis that cerebral insulin resistance is a pathogenic factor of obesity is provided by the fact that a reduction in theta activity has been associated with the loss of locomotor activity and voluntary movement in rodents [5] , and that obese mice that are physically inactive show diminished cortical activity, with the greatest reductions seen in the theta frequency spectrum (A. M. Hennige, unpublished data).
While it is unclear whether increased theta activity is a cause or effect of increased BMI, the loss of insulinmediated beta activity clearly suggests that ageing reduces insulin sensitivity in the brain. In this line, the underlying mechanisms and the functional consequences of altered beta activity and the finding that insulin sensitivity in the beta band displayed no significant correlation with BMI after adjusting for age is difficult to interpret. One may speculate that insulin-induced beta activity is only partially responsible for body weight regulation and, rather, represents an age-related decline in insulin effects on other brain functions, such as memory function [6, 7] and cognition in Fig. 1 Correlations of different measures of insulin sensitivity with age and BMI in multiple regression analyses including sex, age and BMI as independent variables. Peripheral insulin sensitivity (a, b) was negatively correlated with BMI (r=0.64, p<0.001), but was not correlated with age (p = 0.15). This indicates that BMI is an independent predictor of peripheral insulin sensitivity, whereas age is not. Similarly, the effect of insulin on theta activity (c, d) was significantly correlated with BMI (r=0.33, p=0.022), whereas age had no independent effect (p=0.22). In contrast, the insulin effect on beta activity (e, f) was negatively correlated with age (r=0.41, p=0.004), whereas BMI had no effect independently from age and sex (p=0.26). The solid line represents the slope of the regression and the dotted lines indicate the 95% CI for the slope Alzheimer's disease [8] . However, we have previously published data that support a role for beta activity in energy homeostasis, showing that insulin-mediated beta activity is diminished in body-weight-matched carriers of the risk allele in FTO [9] , and food intake is increased [10] . In addition, insulin sensitivity in beta activity might be influenced to a larger degree by ongoing processing related to behavioural aspects. Although behaviour reflected by insulin-induced changes in beta activity may be relevant to the development of obesity, a chronic measure such as BMI is possibly not an ideal variable to be included in the multiple regression analysis. This hypothesis is further supported by the fact that beta activity is mainly generated in the cerebral cortex itself and is characteristically involved in attention and processes that integrate external information [11] , while theta activity is largely influenced by subcortical areas such as the hippocampus [12] .
In conclusion, our data suggest that modulation of beta and theta activity represents measures of insulin resistance in the brain that are differently regulated. While insulin sensitivity in beta activity declined with age, insulindependent theta activity showed a close association with obesity. Although speculative, theta activity may represent regulation of locomotor activity by insulin, while beta activity represents cognitive functions that do not necessarily reflect body weight.
